Abstract-We introduce a subspace-based algorithm for the blind identification of time-dispersive channels in pulse shaping OFDM systems based on offset quadrature amplitude modulation (OFDM/OQAM). Our approach exploits cyclostationarity induced by the use of overlapping pulse shaping filters and uses second-order statistics only. The proposed method is similar in spirit to modulation-induced cyclostationarity. Our algorithm assumes symbol-rate sampling in the receiver and does not require knowledge of the channel order. We provide simulation results demonstrating the performance of the new method.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) [3] - [6] is part of several telecommunications standards, such as satellite and terrestrial digital audio broadcasting (DAB), digital terrestrial TV broadcasting (DVB), asymmetric digital subscriber line (ADSL) for high-bit-rate digital subscriber services on twisted pair channels, and broadband indoor wireless systems.
Pulse Shaping OFDM Systems: Recently, it has been pointed out in [5] - [7] that OFDM systems based on offset quadrature amplitude modulation (OFDM/OQAM) [8] bypass a major disadvantage of OFDM schemes based on ordinary QAM, namely, the fact that time-frequency well-localized (and hence dispersion-robust) pulse-shaping filters are prohibited in the case of critical time-frequency density, where spectral efficiency is maximal. Pulse-shaping OFDM/OQAM systems are therefore well suited for wireless high-data-rate applications. Besides dispersion robustness, further advantages of pulse shaping are reduced out-of-band emission in wireless OFDM systems and reduced sensitivity to synchronization errors. However, since OFDM/OQAM systems do not employ temporal guard regions such as a cyclic prefix (CP) [3] , equalization has to be performed.
Channel Identification: Usually, channel identification in OFDM systems is accomplished using training data, which, however, results in a reduction of spectral efficiency. This reduction, including the overhead due to the CP, can be up to 50%. In this paper, we show that OFDM/OQAM signals contain sufficient structure to accomplish blind channel identification using second-order statistics only. Let us first briefly review previous work on that subject. In [9] , a cyclostationarity-based algorithm for the blind identification of time-dispersive channels in CP OFDM systems has been introduced. Blind and semi-blind methods for channel identification in CP OFDM systems Manuscript received June 2, 1999; revised December 8, 2000. The associate editor coordinating the review of this paper and approving it for publication was Prof. Michail K. Tsatsanis.
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have been presented in [10] . A subspace-based algorithm for blind channel identification in systems employing more general filterbank precoders based on "short filters" (i.e., block transforms) has been proposed by Scaglione et al. in [11] . The algorithms in [9] - [11] exploit redundancy introduced by either the CP or a more general redundant precoder.
Contributions: In this correspondence, based on the results reported in [2] and [12] , we develop a novel method for blind channel identification in pulse-shaping OFDM/OQAM systems. Our algorithm accomplishes blind channel identification from second-order statistics, even though no guard interval is introduced in the OFDM/OQAM transmitter, and no oversampling is performed in the receiver. Furthermore, the new method does not require knowledge of the channel order and does not impose restrictions on channel zeros.
Organization of the Paper: The rest of the paper is organized as follows. Section II briefly reviews pulse-shaping OFDM/OQAM systems and provides our assumptions and the problem statement. Section III shows that under quite general conditions, pulse shaping OFDM/OQAM signals are cyclostationary (CS), introduces the novel channel identification method, and discusses its properties. Finally, in Section IV, we present simulation results, and Section V concludes the paper.
II. PULSE-SHAPING OFDM/OQAM SYSTEMS
It has been shown in [13] that an OFDM/OQAM system with critical time-frequency density achieves the same pulse-shaping filter quality (in terms of time-frequency localization) as an 1 OFDM/QAM system with 50% reduction in spectral efficiency. However, since OFDM/OQAM systems do not employ temporal guard regions, more complicated equalization than in CP OFDM systems is needed. A detailed discussion on the equalization of pulse-shaping OFDM/OQAM systems and a comparison of different equalizer structures appears in [14] .
OFDM/OQAM Modulation:
In an M-channel OFDM/OQAM system (M is assumed to be even), the transmit signal is given by 
with the auto-ambiguity function
k]e 0j2n .
Assumptions and Problem Statement:
Throughout the paper, we assume perfect synchronization, i.e., the received OFDM signal is given by 
III. CYCLOSTATIONARITY AND BLIND IDENTIFICATION ALGORITHM
While it is conceivable that the use of temporal guard regions such as the CP (and hence redundancy) makes blind channel identification possible [9] , this is less obvious in pulse shaping OFDM/OQAM systems, where no guard regions are used. We will see that if no pulse shaping is employed in OFDM/OQAM systems (i.e., the pulse shaping filter is a rectangular function of length M), the transmit signal is stationary rather than CS, which implies that nonminimum-phase channels cannot be identified using second-order statistics only. Obviously, overlapping pulse shaping filters act as a form of precoder that introduces cyclostationarity. This idea is close in spirit to modulation-induced cyclostationarity [1] , [2] , where the transmitted data sequence is multiplied by a deterministic periodic sequence to render the symbol-rate sampled received signal CS. The price to be paid for modulation-induced cyclostationarity and for cyclostationarity induced by pulse shaping is that for a given average transmit power, the minimum distance between symbols decreases, and hence, in order to achieve a given bit error rate, a higher average transmit power is required. 3 Therefore, even though the transmission rate is kept constant, there is a loss in spectral efficiency.
A. Cyclostationarity in OFDM/OQAM Systems
In the following, the correlation function of a (nonstationary) sto-
is an integer lag parameter. 4 The signal x[n] is said to be second-order CS with period M if c x [n; ] = c x [n + M; ] [15] , [16] .
the lag parameter only. which implies that x[n] is stationary. We conclude this subsection by noting that it is remarkable that pulse-shaping OFDM/OQAM signals are CS, although no guard interval is used.
B. Blind Identification Algorithm
We will next present the identification algorithm. Since the received signal 
of c x [n; ]. We will next need the cyclic spectrum of r[n] defined by [15] , [16] 
where Sx[k; z) = 
Rewriting (8) (11) Aspects of the Algorithm: The performance of the algorithm will critically depend on the choice of the cycles k1 and k2. An important aspect to be considered in the choice of the cycles is motivated by the following observation. According to (6) For small data record lengths, all cycles will contain an estimation error due to stationary noise. However, since jCx[k; ]j and, hence, jC r [k; ]j decrease as a function of k, the higher order cycles will be more prone to estimation errors than the lower order cycles. Therefore, if the pulse shaping filter's bandwidth is small, only the first few cycles should be used in the estimation. We also observed that increasing the pulse-shaping filter length degrades the estimator performance. This can be explained as follows.
The maximum lag in C r [k; ] used for estimating the channel is max = L g + L d 0 2, i.e., it increases for increasing pulse-shaping filter length Lg. Now, it has been observed previously in [17] that the accuracy of the estimated cyclic correlationsĈ r [k; ] decreases for lags far away from the origin. This is due to reduced averaging [see (12) ]. Therefore, the estimateŜ
r; x will be more inaccurate for long pulse-shaping filters. In summary, longer pulse-shaping filters require more averaging (i.e., longer data record lengths). This observation, together with the lack of a guard region in OFDM/OQAM systems, is the reason for the slightly worse performance of our algorithm when compared with the results reported for the CP OFDM case in [9] . Indeed, it was demonstrated in [9] that increasing the length of the CP improves the estimator performance.
We finally note that since the proposed algorithm is a statistical approach, it generally requires very long data records to obtain good estimates. An asymptotic performance analysis of our OFDM/OQAM channel estimator is an interesting topic for future research. We note that for periodic modulation precoders, such an analysis appears in [18] .
IV. SIMULATION RESULTS
We simulated an OFDM/OQAM system with M = 8 channels and pulse-shaping filter length 16 (i.e., overlapping factor 2). Fig. 2 shows the pulse-shaping filter, which has been designed using techniques reported in [7] . In both simulation examples, we used the cycles Carlo trials, where each realization consisted of 1024 data symbols (i.e., 128 OFDM symbols).
Simulation Example 1: In the first simulation example, we computed the average bias and the MSE of our channel estimator [see Fig. 3(a) and (b) ] as a function of SNR in decibels. The entire data record has been used to estimate the correlation function of the received signal. We can observe that the performance of the estimator improves with increasing SNR. Since we are not considering the cycle k = 0, we would expect the performance of the estimator to be independent of the SNR. However, due to nonideal estimates of the CS statistics, 7 
If
= , it follows from (6) that C [k; ] = 0 for k odd. Since we are using the cycles k = 1 and k = 7 to estimate the channel, we have to make sure that this does not occur. this is obviously not the case. We can see that the estimator exhibits an error floor for large SNR. This error floor has also been observed in blind channel identification in CP OFDM systems [9] and in systems employing periodic modulation precoders [18] .
Simulation Example 2: In the second simulation example, we investigate the effect of the length L of the data record used to estimate the cyclic statistics Cr[k; ] on the performance of the channel estimator. For SNR = 15 dB, Fig. 4(a) and (b) show the average bias and the MSE, respectively, of the channel estimator as a function of L. (Note that in Fig. 4 , the length of the data record has been specified in OFDM symbols.) We can observe that the performance of the estimator improves with increasing data record length. However, it has to be noted that rather long data records are required to obtain good channel estimates.
V. CONCLUSION
We introduced an algorithm for blind second-order cyclostationary statistics-based channel identification in pulse-shaping OFDM/OQAM systems. We found that in the OFDM/OQAM case, despite the fact that no temporal guard region is used and no oversampling is performed in the receiver, blind channel identification from second-order statistics is possible. We emphasize, however, that the price to be paid for cyclostationarity induced by pulse shaping is a loss in spectral efficiency. Our approach assumes that the receiver knows the pulse-shaping filter; it does not require knowledge of the channel order and does not impose restrictions on channel zeros. A drawback of the algorithm is that it requires much averaging to arrive at good estimates. Finally, we presented simulation examples demonstrating the performance of the new algorithm.
